Background: Current diagnostic strategies for detection of structural articular cartilage abnormalities, the earliest structural signs of osteoarthritis, often do not capture the condition until it is too far advanced for the most potential benefit of noninvasive interventions.
athletes. 20, 51, 52, 56 Participation in sports activities has important health and cardiovascular benefits for all age groups. However, articular cartilage injury and, more specifically, osteoarthritis may significantly affect sports participation not only in master's level athletes but in young adult athletes as well. 30, 52 In addition to direct injury to articular cartilage, traumatic injury to the anterior cruciate ligament (ACL) or meniscus may be significant precursor events that accelerate the progression of degenerative changes in the knee joint. 21, 51, 57 As a result of the high number of ACL and cartilage injuries that occur in adolescents and young adults, many athletes in their early 30s are at high risk of suffering significant knee pain and disability related to structural changes of osteoarthritis. 52 Early identification of structural injuries to articular cartilage may provide opportunities for early treatment intervention, prediction, and monitoring of disease progression and improve assessment capabilities for clinical outcomes measures.
Early intervention strategies such as pharmacological management, patient education, weight loss, aerobic exercise, physical therapy, range of motion and strengthening exercises, and bracing and joint protection may slow down or alleviate symptoms and potentially even delay articular cartilage disease progression. 2 The success of these strategies is predicated on identifying early structural changes in the articular cartilage to both identify the individuals at risk for progressive degeneration and intervene at the time point when the benefits of therapeutic strategies would be maximized. Diagnostic strategies such as history, clinical examination, and radiographic imaging techniques have been utilized extensively over the past few decades to identify osteoarthritis in patients. 1, 94 However, these methods may not be sensitive enough to detect early signs of articular cartilage degradation when many of these intervention strategies are most likely to offer the most benefit.
Arthroscopy is the only minimally invasive technique that allows direct visualization of articular cartilage, and it is often used as a gold standard for identification and staging of articular cartilage disease. 18, 67, 68 However, arthroscopy is limited as a diagnostic tool alone as a result of the high cost, invasive nature, and associated complications. A noninvasive technique such as magnetic resonance imaging (MRI) is needed to make accurate diagnoses of articular cartilage degeneration so that appropriate treatment choices can be made and further research can be conducted related to prevention, modification, and assessment of disease progression.
The diagnostic utility of MRI for identifying knee articular cartilage lesions has been extensively explored in the literature over the past 2 decades. 18 As the imaging technology has improved in terms of magnet strength, sequence utilization, and spatial resolution, so has the diagnostic performance. # To date, no systematic reviews on MRI diagnosis and grading of osteoarthritis thoroughly summarize the literature as it relates to the sensitivity, specificity, accuracy, and reliability of MRI compared with arthroscopy. Without a comprehensive understanding of the diagnostic utility of MRI to characterize the severity of structural articular cartilage changes by articular cartilage degeneration grades, insight into its use as a noninvasive and evidence-based tool to guide diagnostic and treatment practices remains limited.
The purpose of this study was to systematically review the literature relative to the following questions for 1.5and 3.0-T MRI: (1) Is MRI a valid, sensitive, specific, accurate, and reliable instrument to identify knee articular cartilage abnormalities compared with arthroscopy? (2) Is MRI a sensitive tool that can be utilized to identify early articular cartilage pathological changes? The aims of this systematic review were to (1) summarize relevant data and (2) identify strengths and weaknesses in the literature. The results of the systematic review are discussed relative to implications for the clinical utility of MRI as a tool to classify the extent of structural damage to articular cartilage for the knee.
MATERIALS AND METHODS

Search Strategy
Systematic searches were performed in November 2010 using PubMed MEDLINE (from 1966), CINAHL (from 1982), SPORTDiscus (from 1985), SCOPUS (from 1996), and EMBASE (from 1974) databases. The keyword selection was designed to capture all diagnostic studies that compared the diagnostic capabilities of MRI relative to arthroscopy for detection of articular cartilage degeneration of the tibiofemoral and patellofemoral joints. PubMed MEDLINE was searched using MeSH term selections for the keywords ''knee,'' ''arthroscopy,'' ''magnetic resonance imaging,'' ''chondromalacia,'' ''osteoarthritis,'' ''chondral defect,'' and ''articular cartilage'' ( Figure 1 ). Similar search strategies were utilized for the other databases. The search was supplemented by a review of the bibliographies of retrieved articles and a manual review of pertinent journals to identify additional studies.
Study Selection
Two independent reviewers performed the first-stage search and screen of abstracts identified through the database and bibliography searches. Any study identified by either reviewer was included. The first-stage screen was utilized to identify articles that met the predetermined inclusion and exclusion criteria. Any article that met the inclusion and exclusion criteria was included in the secondstage screen to identify the methodological quality and level of evidence.
Inclusion criteria were the following:
1. Human knee (patient population) 2. Both MRI and arthroscopy were performed in the study 3. Diagnostic performance of MRI compared to arthroscopy is reported or can be calculated from the data provided in the article 4. Minimum of 10 patients with articular cartilage involvement 5. Full article provided in English or translated 6. MRI sequences and magnet strength reported 7. Minimum of 1.5-T magnet used for MRI Exclusion criteria were the following: 
Assessment of Methodological Quality
Two independent reviewers evaluated each article based on the methodological criteria listed in Table 1 and determined a level of evidence (levels I-V). If there was a disagreement between the reviewers, a third reviewer was utilized to reconcile these differences. Levels of evidence for the diagnostic studies were determined by methods described by Wright et al. 92 Level I studies included consecutive patients (as stated by the original authors) and prospective data collection and utilized established diagnostic criteria with gold-standard comparison (arthroscopy). Level II studies included consecutive patients and retrospective data collection and utilized established diagnostic criteria with gold-standard comparison. If a study did not explicitly state that it was prospective or included consecutive patients, it was considered a level II study if it utilized established diagnostic criteria with gold-standard comparison. Level III studies included studies that included nonconsecutive patients or studies that did not utilize established diagnostic criteria. Level IV studies included case-control studies, patients selected or data pulled from larger clinical trials or cohorts, and studies without gold-standard comparisons. Level V studies included expert opinion. The final comprehensive summary was limited to level I and II studies.
RESULTS
The initial database and bibliography searches identified 1879 potential articles ( Figure 1 ). The abstracts of all 1879 studies were reviewed, and 52 articles met the predetermined inclusion and exclusion criteria. Fourteen level I,** 13 level II, yy and 25 level III to V zz studies were identified. For level I and II studies, Table 2 (Tables 3  and 4 ). 22, 28, 66, 70, 73, 79, 84 Table 1 in the Appendix describes the grading classifications used by the different studies (see the Appendix, available in the online version of this article at http://ajs.sagepub.com/supplemental/). One study described using the Ficat et al grading system and the Shahriaree system; however, no information in the results was provided about how these systems compared with each other, and it was not well described for which system was used for the final reporting of data. The Gluckert et al grading system was used for 2 studies. Recht Overall, the diagnostic performance for MRI demonstrated a large range of sensitivities, specificities, and accuracies for level I and II studies. The sensitivity for identifying articular lesions in the knee joint was reported between 26% and 96%. Specificity and accuracy were reported between 50% and 100% and between 49% and 94%, respectively. Although there was a large range of reported performance capabilities, the majority of level I studies reported sensitivities over 80% (8 of 14), specificities over 90% (11 of 13 that reported specificity), and accuracies over 85% (9 of 10 that reported accuracy).
Seventeen level I and II studies examined the diagnostic performance for different knee articular surfaces (Appendix Table 2 , available online). The reported sensitivities for each surface demonstrated a large range: medial tibial plateau (17%-96%), lateral tibial plateau (0%-58%), medial femoral condyle (28%-100%), lateral femoral condyle (33%-100%), trochlea (55%-100%), patella (21%-100%), patellofemoral compartment (44%-95%), and tibiofemoral compartment (42%-81%). All surfaces and compartments had greater than 85% reported specificities, other than 1 study that reported a patella specificity of 75% and 1 study that reported lateral femoral condyle specificity of 78% (Appendix Table 2 , available online). Accuracies for each surface and compartment ranged between 70% and 98%.
Twelve studies provided information about interobserver reliability, and one study provided information about intraobserver reliability (Table 5 ) for identifying articular abnormalities. The k values reported were between 0 and .93 for interobserver agreement. All but one study reported moderate to excellent interobserver agreement (..40). Intraobserver reliability was reported to be moderate to excellent with k values between .49 and .83. 71 Diagnostic performance for severity grades was available for 20 of the level I and II studies (Appendix Table  3 , available online). Five of the 20 studies provided information about the agreement of grades between MRI and arthroscopy but did not provide sensitivity, specificity, or accuracy information. The sensitivity, specificity, and accuracy for identifying early osteoarthritis were reported between 0% and 86%, 48% and 95%, and 5% and 94%, respectively. The sensitivity, specificity, and accuracy for identifying advanced osteoarthritis were reported between 47% and 98%, 60% and 100%, and 57% and 98%, respectively. The agreement for MRI and arthroscopy grades demonstrated a large range of 0% to 76%. Six of the 8 level I studies that reported agreement had identical grading for greater than 63% of the lesions. Many studies reported high agreement within one grade of the arthroscopic grading.
DISCUSSION
The systematic search process utilized for this review identified nearly 1800 studies that potentially provided information about the diagnostic performance of MRI and arthroscopy of the knee related to chondral involvement. Because of the wide variety of imaging techniques (sequences, slice size, plane of data collection, positioning of patients, and types of scanners utilized) and methodological differences between the studies, a meta-analysis was not performed. However, the rigorous search methodology identified 27 level I and II studies that provided unique and valuable diagnostic performance evidence.
Although all 27 of the level I and II studies utilized grading systems to evaluate the extent of chondral involvement, several different types of grading systems were used, and only 20 studies provided diagnostic performance information for MRI regarding the different grades of severity. The most common systems used for grading articular cartilage degeneration included Outerbridge, Noyes, and Shahriaree systems. 66, 70, 79 Although all level I and II studies utilized established diagnostic criteria for arthroscopy, some studies described new modifications to the established grading systems to relate the MRI grades to the arthroscopic grading systems. Wong et al 90 used the Noyes system to quantify chondral involvement at arthroscopy and Prospective, consecutive study of 40 patients. MRI available for surgeons but grading of chondral lesions not provided a Sequence information is listed, and sequence listed by a number in parentheses is used to describe the sequence order for sensitivity, specificity, and accuracy. Sequence types: standard MRI = fast spin T1, T2, or protonweighted images in multiple planes; FS SPGR, 3-dimensional fat-suppressed spoiled gradient echo; 3-D WE true FISP, 3-dimensional water-excitation true fast imaging with steady-state precession; FSE-Cube, 3-dimensional isotropic resolution fast spin echo; IDEAL-GRASS, fat with echo asymmetry and least-squares estimation gradient-recalled acquisition in steady-state imaging; VIPR-SSFP, vastly undersampled isotropic projection steadystate free precession; FISP, fast imaging with steady-state precession; T1 1 Gd, T1-weighted spin echo with intra-articular gadolinium injection; FISP 1 Gd, FISP with intra-articular gadolinium injection; FIESTA, fast imaging employing steady-state acquisition. The diagnostic performance for MRI demonstrated a large range of sensitivity, specificity, accuracy, and reliability for level I and II studies. Comprehensively, the data indicate that MRI is highly specific and moderately sensitive and accurate for identifying articular cartilage degeneration of any severity. Interobserver and intraobserver agreement was moderate to high for the majority of studies. Although the range of sensitivities reported for different surfaces and compartments of the knee was quite large, several studies reported sensitivities over 85% for most of the surfaces and compartments. 50, 72, 85 Disler et al 15 reported the lowest sensitivities for different surfaces; however, the reliability between MRI evaluators was reported to be low (k value as low as .0). The lateral tibial plateau appeared to have the lowest sensitivity of all surfaces, and interestingly, Li et al 50 reported the lowest interobserver agreement for grades in the lateral tibial compartment as well. Collectively, the specificity and accuracy of identifying articular cartilage degeneration were relatively high for all surfaces and compartments. The large differences in reported diagnostic performance of MRI for identifying articular cartilage degeneration may be attributable to the wide variety of different image slice sizes, surface coil sizes and shapes, types of scanners, sequencing techniques, and grading systems that were utilized for each study. Level of evidence designated by number in parentheses. FISP, fast imaging with steady-state precession; T11Gd, T1-weighted spin echo with intra-articular gadolinium injection; FISP1Gd, FISP with intra-articular gadolinium injection.
Is MRI a Sensitive Tool That Can Be Used to Identify Early Articular Cartilage Lesions?
The sensitivity for identifying early osteoarthritis articular cartilage degeneration (grades 1 and 2, or 2A on the Noyes scale) was reported between 0% and 86%. Compared with identification of early osteoarthritis by lower grades of degeneration, advanced disease demonstrated a much higher range of sensitivities (47%-98%). Although relatively low sensitivities were identified for grade 1 lesions and some studies only used a cut-off score of ''grade 1 articular cartilage degeneration'' for early disease, the diagnostic performance of many studies was reportedly much higher (up to 60% greater sensitivity) for grade 2 disease. [39] [40] [41] [42] 55, 85 Bredella et al 7 and Lee et al 47 reported sensitivities .70% for identifying low grades of articular cartilage degeneration. In contrast, Brown and Quinn 10 could not identify early articular cartilage degeneration with MRI. The specificity was also reported over a wide range for early disease, but the majority of studies reported greater than 70% specificity. The relatively poor performance of some MRI studies in detecting early articular cartilage degeneration may be attributable to suboptimal spatial resolution, signal-to-noise ratio, artifacts, and tissue contrast as well as difficulty in capture and integration of cartilage in multiple planes. 7, 24, 61, 76, 77 Approximately 0.3-mm in-plane spatial resolution is necessary to identify superficial articular cartilage changes, consistent with grade 1 articular cartilage degeneration, which is beyond the capabilities and time constraints of most MRI protocols utilized in clinical practice. 77 
Methodological Quality of the Studies
Despite meeting level I or II ''criteria,'' many of the studies had methodological limitations that may have affected their diagnostic results (Tables 1, 3, and 4). Many studies failed to appropriately describe study methods such as the prospective or retrospective nature of data collection and consecutive versus nonconsecutive identification of patients. Several studies utilized varying magnet strengths with no breakdown of results based on the type of magnet used for data collection and therefore had to be excluded from the comprehensive analysis. 25, 62 No studies had a control group of suspected ''healthy'' articular cartilage, and many studies reported no blinding or did not describe blinding techniques of the surgical and radiological evaluations. In addition, some studies did not report the temporal relationship between MRI and arthroscopy or had a considerable time delay between the studies (range, 0-377 days). As a result of changes that can occur in the knee over time, a large time delay may not only affect the reported diagnostic performance of MRI but also the agreement between arthroscopy and MRI for severity of articular cartilage degeneration grades. Finally, some studies used MRI studies that were performed after arthroscopy, which may have altered the sensitivity, specificity, and accuracy of the results.
Clinical Relevance
Osteoarthritis, as structurally evidenced by higher articular cartilage degeneration grades (grades 3 and 4), often leads to significant pain, compromise of daily function and sports participation, and ultimately long-term health consequences from the restriction of physical activity. In addition to affecting the ''aging'' or master's level athlete, many young adult athletes are at high risk of developing osteoarthritis at an early age as a result of traumatic knee injuries. 30, 52 Early identification of superficial cartilage damage and osteoarthritic changes may be the most critical time point to identify for these young athletes because it may be the most amendable to intervention and prevention of further degradation. 2 The invasive nature and expense related to arthroscopy and the exposure to radiation and poor sensitivity of radiography for identifying articular cartilage lesions significantly limit their clinical utility. The results of this systematic review indicate that although MRI has relatively high specificity and moderate to high sensitivity for identifying advanced osteoarthritic structural changes (higher articular cartilage degeneration grades), MRI reportedly has up to a 70% chance of missing early chondral disease (lower grades of articular cartilage degeneration) when lower magnet strengths are used for the procedure. 3, 15 However, radiological investigations have reported even lower sensitivities (reported as low as 2%-16% depending on technique) for identifying any stage of knee articular cartilage degeneration despite specificities of up to 90%. 91 Higher MRI magnet strength and enhanced sequence techniques appear to improve MRI sensitivity. The MRIs with 3.0-T magnet strength demonstrate up to 91% sensitivity for identifying all articular cartilage degeneration grades and identify early-stage disease with reported 48% to 94.7% sensitivity. 39, 41, 42, 85, 90 Wong et al 90 found that the sensitivity and accuracy of 3.0-T magnet strength MRI for cartilage lesions were significantly higher than 1.5-T MRI. Fat-suppressed 3-dimensional spoiled gradient echo (SPGR) and fat-saturated proton densityweighted turbo spin echo also demonstrate relatively higher sensitivity than standard MRI sequences. 7, 15, 59 Thus, MRI may provide a superior clinical diagnostic tool for identifying early articular cartilage damage than radiographs because of its avoidance of exposure to radiation and higher diagnostic performance, especially if imaging technology continues to improve. 39, 41, 42, 85, 90 Further, the noninvasive nature, lower costs, convenience, and minimal complication risk of MRI offer an appealing alternative to arthroscopy for identifying early articular cartilage degeneration.
Future Studies
In recent years, there has been increased emphasis on clinical outcomes measures to aid in the implementation of evidence-based treatment strategies and a socioeconomic push to develop performance-based criteria for reimbursement practices. It is paramount that clinical tools that predict disease, monitor disease progression, and assess clinical outcomes of treatments of disease be developed and utilized. Ideally, MRI could be utilized as a noninvasive clinical tool to predict, monitor, and assess clinical outcomes of articular pathological changes. However, the systematic search strategies of this study failed to identify any studies that examined the validity of using MRI to predict or monitor disease progression of articular pathology. Thus, future studies should focus on characterizing the clinical utility of MRI for these applications, especially utilizing 3.0-T magnet strength studies.
New MRI techniques to assess the morphological status of cartilage, such as T2 mapping, delayed gadoliniumenhanced MRI of cartilage (dGemeric), T1r imaging, sodium imaging, and diffusion-weighted imaging, have garnered interest in the radiological literature and may provide promising results related to identification of early-stage articular cartilage degeneration. 6, 11, 19, 88, 89 However, none of these techniques was utilized in the studies that met the stringent inclusion and exclusion criteria of the current systematic review. Most of the evidence related to these techniques has only been evaluated in animal studies or does not have arthroscopic (''gold standard'') comparisons. There is a significant need for high-level research that evaluates the diagnostic capabilities of these new techniques compared to arthroscopy in human pathological populations.
This systematic review examined the diagnostic capabilities of 1.5-and 3.0-T MRI as a tool to capture articular cartilage lesions in the human patient-based population. The inclusion and exclusion criteria were specifically selected to identify the most relevant and current clinical information. Because most major medical facilities have access to 1.5-T strength MRI scanners, only studies that utilized a 1.5-T magnet or greater were included in the final analysis. Also, to target MRI diagnostic utility for identifying articular cartilage degeneration, studies that evaluated other articular pathological abnormalities (ie, rheumatoid, infection, osteonecrosis, osteochondritis dissecans) were excluded from the final analysis. Although many cadaveric and animal model studies were identified in the initial search that demonstrated high sensitivity, specificity, and accuracy of MRI, these studies were excluded from the current review because it is unclear how artificially created lesions in these simulated pathological models relate to real-world disease. 9, 16, 58 Lower diagnostic performance than animal and cadaveric studies was expected because of the difficulty in positioning, relaxation, and comfort of the patient. Moreover, the patient-based population studies lack the consistent ''clean-cut'' lesions such as those that are artificially created in cadaveric and animal models. This concept should be kept in mind as future studies for evaluating the diagnostic performance of clinical tools for articular cartilage lesions are developed.
CONCLUSION
In conclusion, although there is promising evidence that MRI is a relatively valid, sensitive, specific, accurate, and reliable clinical tool for identifying articular cartilage abnormalities, it is not possible to offer conclusive guidelines regarding its global clinical utility for guiding diagnosis and treatment strategies. However, technological improvements such as utilizing higher magnet strengths of 3.0 T to MRI practices may provide superior diagnostic performance strategies in the future. There is a growing need for diagnostic techniques that identify the earliest structural changes in articular cartilage (articular cartilage degeneration) that predict future osteoarthritis in the field of sports medicine. Early identification of modifiable early structural changes to the articular cartilage of the knee is critical for the young adult athletes who are at high risk of developing osteoarthritis. Given the large discrepancies in diagnostic performance identified by this systematic review, there is clearly a significant need for a large clinical trial with rigorous methodology to evaluate the diagnostic performance of MRI as an instrument to identify and clinically grade articular cartilage pathology, particularly early chondral degeneration.
An online CME course associated with this article is available for 1 AMA PRA Category 1 Credit TM at http:// ajsm-cme.sagepub.com. In accordance with the standards of the Accreditation Council for Continuing Medical Education (ACCME), it is the policy of The American Orthopaedic Society for Sports Medicine that authors, editors, and planners disclose to the learners all financial relationships during the past 12 months with any commercial interest (A 'commercial interest' is any entity producing, marketing, re-selling, or distributing health care goods or services consumed by, or used on, patients). Any and all disclosures are provided in the online journal CME area which is provided to all participants before they actually take the CME activity. In accordance with AOSSM policy, authors, editors, and planners' participation in this educational activity will be predicated upon timely submission and review of AOSSM disclosure. Noncompliance will result in an author/editor or planner to be stricken from participating in this CME activity.
